Geometric object detection has many applications, such as in tracking. Particle tracking microrheology is a technique for studying mechanical properties by accurately tracking the motion of the immersed particles undergoing Brownian motion. Since particles are carried along by these random undulations of the medium, they can move in and out of the microscopeʹs depth of focus, which results in halos (lower intensity). Two-point particle tracking microrheology (TPM) uses a threshold to find those particles with peak, which leads to the broken trajectory of the particles. The halos of those particles which are out of focus are circles and the centres can be accurately tracked in most cases. When the particles are sparse, TPM will lose certain useful information. Thus, it may cause inaccurate microrheology. An efficient algorithm to detect the centre of those particles will increase the accuracy of the Brownian motion. In this paper, a hybrid approach is proposed which combines the steps of TPM for particles in focus with a circle detection step using circular Hough transform for particles with halos. As a consequence, it not only detects more particles in each frame but also dramatically extends the trajectories with satisfactory accuracy. Experiments over a video microscope data set of polystyrene spheres suspended in water undergoing Brownian motion confirmed the efficiency of the algorithm.
Introduction
Object detection and tracking are widely used in camera surveillance, robot localization and navigation, and multiagent collaboration [1] . A navigating robot uses a vision camera to detect objects ahead of it; multiple agents can be safely planned by detecting moving obstacles so as to avoid collision. As a geometric shape can be the feature or part of the component of the moving objects, geometric object detection is one of the main branches. Since many objects have circular features, such as wheels, circle detection has many applications in computer vision. Many studies have been performed [2] [3] [4] [5] [6] . It is especially useful for simple objects with round shapes, such as moving vehicles and bikes.
The standard Hough Transform (HT) for circle detection needs a 3-dimensional accumulator. Each circle can be represented by 3 parameters: a centre (x, y) and a radius r, which needs a lot of memory space and is time consuming. Many modifications have been reported to increase the performance of a circle detecting HT. Tsuji and Matsumoto decomposed the parameter space and took advantage of the parallel property of circles [2] . In the method by Xu et al. [3] , three non-collinear edge pixels are randomly selected and a circle can be determined by the three pixels. Then, a vote is made to give the final detection result. However, the randomized selection method has its own problems, such as probability estimation, accuracy and speed, all of which are dependent on the edge pixels. Schuster and Katsaggelos [4] used a weighted MSE estimator by assuming that there is only one circle in the image. Such an assumption is invalid when there is more than one circle in an image.
Illingworth and Kittler [5] proposed an adaptive Hough transform algorithm which accumulates the HT in a small size accumulation array and only investigates the interesting areas. The located parameters can be used for identification by an inverse mapping. Images containing multiple objects can therefore be processed. It has significant advantages over standard HT in both the memory and computation. Peng et al. [6] extended the adaptive HT into the 3-dimensional positions of microspheres and applied it in optical tweezers for microand nano-manipulation.
Particle tracking microrheology [7, 8] is the technique for measuring the viscoelastic properties of complex fluids and soft materials. By tracking the motion of micronsized particles immersed in a material, the mechanical properties can be determined. It is a non-invasive method based on measuring the Brownian motion of particles by multiple particle tracking. Thousands of micrographs under a phase microscope are taken by a digital video camera and are tracked. This is useful in soft materials and complex fluids where even a smallimposed strain can cause the reorganization of the structure within the material and thus change its viscoelastic properties. Recently, particle tracking microrheology has been used to evaluate the mechanics of various biological systems, such as actin filaments [7, [9] [10] [11] .
Two-point particle tracking microrheology (TPM) [7] is a modified technique. It extracts the mechanical properties from the cross-correlation of the displacements of pairs of particles. The positions are detected by finding the peak and centroids, which can be reached by thresholding the intensity image which is processed by a band-pass filter. All those positions in each frame are linked and the trajectories are found.
Since particles are carried along by these random undulations of the medium, they not only move in and out of the microscopeʹs field of view but they can also move in and out of the microscopeʹs depth of focus. This results in halos and, even worse, it can result in particles completely disappearing from the image. Since TPM uses a threshold to find those particles with peak, halos are dim and their intensities are less than the threshold; as a consequence, they cannot be found in those frames. Thus, the particle trajectories are broken. However, these particles which are out of focus are circles and the centres can be accurately tracked visually in most cases. When the particles are sparse, TPM will lose some useful information. A lack of enough detected particles may lead to inaccurate microrheology. Therefore, it is important to develop an efficient algorithm to include those halos so as to extend the particles' trajectories.
In this paper, a hybrid approach is developed to overcome the disadvantages of the TPM by combining it with circle detection. Besides those particles in focus found by TPM, the centroids of halos with good shape are detected. Next, these two sets of centroids are merged for tracking. This not only reduces the number of the detected trajectories but also extends the trajectories dramatically.
The remainder of this paper is organized as follows. In section 2, the hybrid approach for multiple particle tracking microrheology is proposed. Experiments are reported in section 3. Conclusions and discussions are presented in section 4.
Multiple Particle Tracking Approach
TPM uses a threshold to find those particles with peak, which results in the broken trajectory of the particles. In this section, a hybrid approach will be proposed by combing the traditional TPM for particles in focus with a circle detection algorithm for out of focus particles.
Two-Point Particle Tracking Microrheology
The main steps of TPM [7] include image restoration ("bypass filter"), locating possible particle positions ("peak find" and "centroids find"), removing the unsatisfied positions, and linking positions into trajectories. The images may have "shading" (low spatial frequency), "snow" (high frequency) errors, or gradual variations in background brightness. In the image restoration step, a spatial band-pass filter is applied to the image, which reduces both "shading" and "snow" while leaving particles intact. In the second step, a threshold is set to avoid finding multiple centres on the same particle and to minimize location error. The brightness-weighted centroids within a circular mask are then computed. In the third step, based on considerations of both spatial location and morphology, some unwanted particles' locations must be removed. Finally, the centroids in each frame of images are connected and each particle's trajectory is thus found.
Circle Detection
The circular HT [5, 6] for circle detection has three steps: finding the regions of interest, locating all of the circle centres and finding the radius of each circle. The first step is to segment the image and find the regions of interest (ROI) which contain one or more objects. Subsequent operations on the ROI rather than the whole image overcome the computational overhead [5, 6] . Both the intensity thresholding and the gradient thresholding can accomplish the task in order to find the ROI. After thresholding, the raw image is transferred to a binary image. The connected components in clusters can be separated and labelled by a region-growth algorithm. A rectangular region can be selected by selecting the minimum and maximum coordinates of any labelled object. The second step assumes that, given any pixel on a circle, the corresponding circle centre will lie on the normal to the tangent at that pixel. The centre positions of circles can be located by computing the gradient field of the raw image in the specified region, transforming the gradient field to an accumulation array and, finally, locating the centre positions of the peaks in the accumulation array [6] . After estimating the centroids, the means to calculate the radius can be considered as a form of one dimensional HT. As with the histogram for image pixels, the left side of
is calculated for each pixel along the circle edge in each ROI and accumulated, where 0 0 ( , )
x y is the centre and r is the radius. The largest peak corresponds to the radius of the circle in the ROI.
The Hybrid Approach for Particle Tracking Microrheology
The hybrid approach combines the main steps of the TPM algorithm for those particles in focus with an additional circle detection algorithm for those out of focus halos. Figure 1 shows the flow graph of the proposed approach. "Bypass Filter", "Peak Find" and "Centroids Find" are the same as those in the TPM algorithm. The optimal threshold is chosen automatically based on the histogram of the greyscale image converted from the input video frame. The detected centroids correspond to the positions of these bright particles which are in focus.
A mask is calculated with a size a little larger than the particle size and it is applied to the bypassed image in order to remove those bright particles in focus. A histogram equalizer has been employed to increase the intensity contrast, since the halos are dimmed with less intensity contrast to the background compared to those bright particles. A smooth filter follows to remove some small fractions. The centroids and the radius of those halos with enough contrast and within a pre-defined size range are obtained by the circular HT circle detection algorithm (see Section 2.2).
Two sets of centroids are merged together. Certain criteria are adopted in this process to eliminate spurious or unwanted particles. For example, the limit of the displacement length is set for the particle to move between two consecutive frames. Normally, it is a small number. It also assumes that two particles do not collide. Furthermore, a polystyrene bead is typically represented by a disc-like shape of at least some minimum number of connected components. Those positions that do not meet the criteria are discarded. The final list of centroids in each frame is fed into the tracking algorithm. Thus, all the particles' trajectories are found.
Experiments and Results
The fluorescent imaging datasets used in this paper were obtained from professor William Ryu. In the experiment, several polystyrene spheres were suspended in water, undergoing Brownian motion. The video microscopy data was taken with every 0.5 t   second per frame. The All of these frames are transferred to a greyscale intensity image. The histogram and intensity profiles show that those bright particles in the image (corresponding to the particles in focus) have an intensity of more than 70. Figure 2(a) shows the original micrograph. There are many halos that have a good circular shape and the intensity contrasts to the background are good enough to accurately detect the centroids of these particles. Figure  2 In the hybrid approach, in each frame, all of the particles that are in focus are detected by the TPM and they are then masked by a rectangle larger than the size of the particle. A linear histogram equalizer has been adopted to improve the intensity contrast of the halos to the background -i.e., each pixel has 8 times the original intensity. Figure 3 shows the weighted average smooth spatial filter which is used to remove some small fractions. The circular HT is processed in the modified image. Therefore, there is no conflict between those particles that are in focus and the detected halos. These two sets of centroids which have been found are merged together for tracking. 1 1 1 1 1 1 2 2 2 1 1 1 2 4 2 1 36 1 2 2 2 1 In the circle detection step of the proposed approach, the possible minimum and maximum radii of the circles to be searched are 6 pixels and 65 pixels. The threshold of the gradient magnitude of the image is 4. It is performed to remove the uniform-intensity image background before the voting process of the circular HT. In other words, pixels with gradient magnitudes smaller than the threshold are not considered in the computation. The selected threshold controls the number of circles detected. If it is too small, some dimmed circles will be detected; however, they are hardly likely to be positioned accurately. On the other hand, if it is too large, few circles will be detected. Figure 4 shows 13 detected circles with gradient threshold 4, while in Figure 5 only 8 circles are detected when the gradient threshold is set to 8. The detected circles are drawn in blue and the corresponding centroids are marked by "+" with red in Figure 4 . The radius of the filter is 20 pixels, which is used to search the local maxima in the accumulation array. It needs to be set larger when the circular shapes are less perfect. Considering that halos with or without kernels have three or two concentric circles separately, multiple radii may be detected corresponding to a single centre position. The argument of the tolerance to pick up the likely radii values is set as one, which means that the ʺprincipalʺ radius will be picked up.
Pre-Process
In addition to the 13 particles detected by TPM, there are another 13 particles detected by the circle detection, as shown in Figure 4 . These additional detected circles have a higher intensity than the background but may be less than the threshold in TPM; thus, they are excluded by TPM. From both Figure 2 and Figure 4 , each detected circle has good shape; hence, its position can be accurately calculated. The Matlab implementation for the circular Hough transform circle detection algorithm can be downloaded from [13]. The particles' positions in each frame are linked together to form trajectories. As an example, the particle in row 340, column 58 in the first frame was selected for demonstration, as shown in Figure 6 . From frame 1 to frame 14, it is out of focus, and then moves in, moves out, and moves back into focus. The particle moves out of screen at frame 68. Figure 6(a) is the trajectory by the TPM which starts from frame 14 to frame 44. Figure 6(b) is the trajectory found by the proposed approach from frame 1 to frame 67. The trajectory within the red ellipse in Figure 6(b) is the same as that in Figure 6 (a). Figure  6 (c) plots the two trajectories together. The hybrid algorithm dramatically extends the particle's trajectory from 31 frames to 67 frames. This result confirms the advantages of the hybrid approach.
Defining the length of the tracking trajectory as the number of frames that the particle is detected successively, Table 1 shows the tracking results for both the TPM and the hybrid approach. The second row is the total length of all the detected tracking trajectories. TPM has 2,364 frames, while the proposed approach has 4,502almost double. In total, TPM found 174 trajectories while the hybrid approach found 89. The average length of a TPM trajectory is 13.6 while the proposed approach has 50.6 -much longer than that with TPM. The row "Number of trajectories > 5" lists the number of trajectories whose length is longer than 5 frames; the TPM has 92 trajectories while the hybrid approach found 87. This confirms the advantages of the hybrid approach. It not only reduces the number of the detected trajectories but also elongates those trajectories. 
Conclusions and Discussion
TPM uses a threshold to find those particles with peak and thus out of focus halos are excluded in those frames even though they are circular and their centres can be accurately tracked visually. Thus, the particle trajectories are broken. When the particles are sparse, TPM loses some useful information and may lead to inaccurate microrheology. In this paper, a hybrid approach for multiple particle tracking is proposed to overcome the disadvantages of TPM. It combines the steps of TPM for those particles in focus with an additional circle detection algorithm for those which are out of focus. After achieving the centroids by TPM, a mask is employed to each particle which is in focus. Then, a histogram equalizer is used to improve the contrast of the halos with the background. A spatial smooth filter follows to remove the fractions. The circular HT is then adopted to find the centroids of those circles with good shape in the modified image. Finally, the two sets of centroids are merged together for tracking. The final list of centroids in each frame is fed into the tracking algorithm. Accordingly, all the particles' trajectories are found. Experiments confirmed that the proposed hybrid algorithm not only reduces the number of trajectories, but also greatly elongates the particle's trajectories with satisfactory accuracy.
Future work will consider the application of superresolution [14] to increase image quality and the application of the proposed approach to video surveillance, robot navigation and multi-agent planning.
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